infection. 6 The exact mechanism, however, requires further investigation. 7 Chronic H. pylori infection leads to atrophic gastritis and hypochlorhydria. 8, 9 This low-acid state in the stomach can promote colonization of the gastric mucosa with intestinal flora. Previous studies have demonstrated that non-H. pylori bacteria, including those considered as pathogenic or commensal intestinal flora, can colonize the stomach and represent an additional gastric cancer risk, particularly in H. pyloriinfected, susceptible individuals. 10, 11 Using the transgenic, hypergastrinemic insulin-gastrin (INS-GAS) mouse model of H. pylori-accelerated gastric carcinogenesis, Lertpiriyapong et al. evaluated if a restricted microbiota limited to 3 species of Altered Schaedler's Flora (restricted ASF or rASF), including ASF356 Clostridium species, ASF361 Lactobacillus murinus, and ASF519 Bacteroides species, was sufficient to contribute to the gastric intestinal neoplasia incidence after development of gastric atrophy secondary to H. pylori infection. 12 They concluded that colonization with H. pylori and a restricted microbiota consisting of only 3 species of commensal bacteria promoted neoplastic changes in gnotobiotic male INS-GAS mice to a similar extent as mice colonized with complex microbiota. Previous studies had shown that INS-GAS mice develop spasmolytic polypeptideexpressing metaplasia (SPEM) and invasive gland lesions that penetrate into the submucosa. 13 These lesions were potentiated with co-infection with H. felis.
The changes observed in dual H. pylori/ASFinfected mice were analyzed primarily by H&E staining and were dominated by cystic intramucosal lesions that were considered dysplastic. 12 To differentiate between inflammation, dysplasia, hyperplasia, and neoplasia, a gastric histologic activity index (GHAI) was utilized. Based on H&E staining, rASF mice and mice colonized with normal intestinal flora developed mildly increased severity of all pathomorphological features included in the GHAI scoring system. INS-GAS mice infected with only H. pylori (mHp), at 7 months post-infection, developed moderate inflammation, diffuse glandular hyperplasia, severe oxyntic atrophy, SPEM, and moderate to severe dysplasia, including cytological atypia and architectural abnormalities. Mice co-colonized with rASFHp and IFHp had more severe pathology, including high-grade glandular architectural and cytological abnormalities that were classified as gastrointestinal intraepithelial neoplasia with invasion into the lamina propria, classified as intramucosal carcinoma. 12 Because the previous studies evaluated mucosal lesions based on histological criteria alone, we sought to evaluate in greater detail the exact cell lineages contributing to putative metaplastic and neoplastic lesions in the stomachs of INS-GAS mice with H. pylori colonization without or with ASF co-colonization. We found that the gastric mucosae of INS-GAS mice infected with H. pylori without or with ASF co-infection were dominated by Ulex europaeus lectin (UEAI)-positive foveolar hyperplasia. Stomachs from the groups infected with H. pylori contained more extensive SPEM compared with germ-free mice and mice infected with ASF alone. While scattered TFF3 and intestinal mucin 2 (MUC2)-expressing cells were observed in H. pylori-infected mice, we did not observe any evidence for intestinal metaplasia, as assessed by expression of Cdx1 or Cdx2 or production of morphological goblet cells. While the mucosal phenotype in the mice co-infected with H. pylori and ASF was dominated by foveolar hyperplasia, we identified a subpopulation of foveolar cells that co-expressed MUC4 and UEAI. Some cells in these regions also showed expression of TFF3. In addition, we identified an increase in the number of tuft cells within the mucosa of H. pylori-infected mice. Our findings suggest that H. pylori infection is the major promoter of SPEM and foveolar hyperplasia in the stomachs of infected mice, but further dual infection with intestinal flora leads progression of metaplasia and foveolar hyperplasia with the identification of dysplastic lesions by histological staining.
Materials and Methods

Animals
Archival tissue samples were examined from the previous investigation. 12 Animal use was approved by the Massachusetts Institute of Technology Committee on Animal Care. Four experimental groups of INS-GAS mice on an FVB/N background [Tg(Ins1-GAS)1Sbr] included germ-free control (n=4), rASF (n=4), Hp (n=4), and rASFHp (n=4). Transgenic INS-GAS mice were propagated by in-house breeding and maintained in a facility accredited by the Association for Assessment and Accreditation of Laboratory Animal Care, International under the environmental conditions of a 10:14 light/dark cycle, 68 ± 2F and relative humidity range of 30-70%. Germ-free and rASF INS-GAS mice were maintained in sterile isolators and housed in solid-bottomed polycarbonate cages on autoclaved hardwood bedding. Autoclaved diet (Prolab RMH 2000; PMI Nutrition International; St. Louis, MO) and autoclaved water were provided ad libitum. Isolators were evaluated bi-monthly and confirmed negative for microbial contaminants by aerobic, anaerobic, and fungal culture. Normal intestinal flora INS-GAS mice were group-housed in microisolator polycarbonate caging on hardwood bedding with ad libitum access to reverse osmosis water, the same autoclaved diet, and were barrier-maintained. Mice were fasted overnight, and euthanized by carbon dioxide. All infected mice were followed for 210 days after inoculation. Because previous investigations have suggested that gastritis and development of gastric intramucosal neoplasia in the INS-GAS model is male-predominant, 14 we focused on data from male mice.
Immunostaining
For all immunostaining studies, 5 µm sections of paraffin-embedded material were used. Sections were deparaffinized, rehydrated, and submitted to antigen retrieval using Target 
Quantitative Analysis
Fluorescently immunostained tissue slides were imaged on a Leica/Aperio Versa 200 automated slide scanner (Leica Biosystems-Vanderbilt Digital Histology Shared Resource). Tissue sections were imaged at 20× magnification to a resolution of 0.323 µm/pixel. Images were analyzed using the Cell Profiler cell image analysis program. To quantify the number of CD44v9-and Ki67-positive cells, tissue sections were divided into 1 mm sections, and the number of positive cells per section was identified. An average of >5 mm of stomach corpus tissue was analyzed per mouse. To quantify DCLK1-positive cells, we measured total positive pixels on the entire slide and divided by the total area of tissue scanned. Experimental groups contained 4 mice. All graphs and statistics were completed in GraphPad Prism, using one-way ANOVA with Bonferroni's post hoc multiple comparison tests to determine significance.
Results
SPEM Was Present in All Groups and Increases
With H. pylori Infection SPEM was evaluated using immunostaining with antibodies against CD44v9, which is strongly expressed on the basolateral membrane in SPEM. 15, 16 In addition, we stained with GSII lectin, a marker of mucous neck cells and SPEM. As previously reported, 13 INS-GAS mice develop SPEM after 6 months of age, and scattered CD44v9 and GSII dual-positive cells were observed at the bases of some corpus glands in uninfected INS-GAS mice (Fig. 1A) . We quantified the number of cells expressing CD44v9 and found that SPEM significantly increased with H. pylori infection (Fig. 1B) . Additional infection with ASF did not alter the number of CD44v9-positive cells.
To evaluate proliferation in the epithelium, we used Ki67 staining to visualize dividing cells. We quantified the number of cells expressing Ki67 and found that proliferation significantly increased with H. pylori infection (Fig. 1C) . Ki67-positive cells were observed throughout the foveolar regions of the stomach glands. To determine whether the SPEM cells are dividing, indicating proliferation in the metaplastic areas, we evaluated the percentage of CD44v9 cells dual-positive for Ki67. We found that H. pylori infection significantly increased the number CD44v9-positive SPEM cells that are dividing (Fig. 1D) . We observed no additional increase in proliferation in mice with dual H. pylori/ASF infection.
Foveolar Hyperplasia Is Significantly More Extensive in the H. pylori Infected Groups
Because most of the Ki67-positive cells were found in the foveolar area, we evaluated foveolar hyperplasia in the 4 conditions. Foveolar hyperplasia, a histopathological manifestation of reactive gastritis and oxyntic atrophy with elevations in gastrin, was evaluated using fluorescence staining to examine binding of UEAI lectin ( Fig. 2A) . We quantified UEAI staining foveolar cells as a percent of mucosal height in each condition. Figure 2B demonstrates that mice monocolonized with H. pylori or co-colonized with H. pylori and ASF both showed similar increases in foveolar cells, suggesting that H. pylori infection promotes foveolar hyperplasia in INS-GAS mice. Nevertheless, we did observe expanded intramucosal cystic lesions in the mice cocolonized with H. pylori and ASF.
Further examination of the foveolar hyperplasia identified in the H. pylori-infected groups demonstrated that hyperplastic glands contained regions luminal to the intramucosal cystic areas containing cells that were CD44v9-positive in the basolateral membranes and also Ki67-positive ( Fig. 2A) . No such hyperproliferative foveolar lesions were observed in the control or ASF groups. Both the H. pylori-infected group and the H. pylori/ASF dual-infected mouse stomachs contained a variable number of hyperproliferative foveolar lesions in their mucosa (Fig. 2C ).
H. pylori Co-infected Groups Express Markers of Progressive Metaplasia
We have previously demonstrated that SPEM progresses in the context of chronic inflammation to expression of increasing levels of intestinal markers and increasing proliferation. 17 We, therefore, evaluated markers of intestinalization and progressive SPEM in lineages from all 4 groups using antibodies against TFF3, MUC2, MUC4, MMP7, and clusterin. Strong clusterin staining was observed in all 4 groups, especially in the basal regions of the mucosa, consistent with the presence of progressive SPEM (Fig. 3A) . No TFF3 or MUC2 staining was observed in control or ASF-infected mice. However, TFF3 and MUC2 were both present in scattered cells within the mucosa of both H. pylori-infected and dual H. pylori/ASF-infected mice (Fig. 3A and B) . No MMP7 expression in epithelial cells was observed in any of the groups (Fig. 3B ).
MUC4 expression was not observed in control and ASF-infected stomachs, but regions of MUC4-expressing cells were found in the foveolar regions of H. pylori-infected mice. More extensive regions of MUC4-expressing foveolar cells were observed in dual H. pylori/ASF-infected mice (Fig. 3B) . MUC4 staining was not observed in regions of SPEM.
As we found a significant increase in foveolar hyperplasia with H. pylori-infected mice, we also investigated whether the MUC4/TFF3-positive cells were arising in the same areas. Most of the MUC4/ TFF3-positive cells were found in the UEAI-positive areas (Fig. 4 ). These were a separate and distinct UEAI-positive population consistent with a different surface cell population (Fig. 4) . These areas were not highly proliferative as the majority of these areas were not populated with Ki67-positive cells.
As previously noted, especially in H. pylori/ASFinfected mice, one can identify foci of metaplastic/dysplastic epithelial cells within vessels in the submucosa. 12, 13 These lesions suggested aberrant extension of more aggressive dysplastic cells out of the mucosa. In one of the H. pylori/ASF-infected mouse stomach samples, an intravascular lesion identified on H&E staining was noted. We, therefore, evaluated the immunostaining characteristics of the ectopic vascular invasion (Fig. 5) . Immunostaining on serial sections demonstrated that the vascular invasive epithelial cells were stained with UEAI lectin as well as with antibodies against clusterin and Muc4. Staining for TFF3 and GSII lectin was not detected, and CD44v9 was only weekly positive. Ki67-positive cells were present within the intravascular lesion.
Using immunocytochemistry, we also evaluated the presence of Cdx1 and Cdx2, markers of intestinal metaplasia in the stomach. However, all groups were negative for nuclear Cdx1 and Cdx2 (data not shown), suggesting the mucosal changes seen in these groups do not represent frank intestinal metaplasia.
The Number of DCLK1-positive Tuft Cells Was Significantly Increased in All Conditions
We and others have previously reported increases in the number of mucosal tuft cells in association with oxyntic atrophy, particularly in the presence of Helicobacter infection. 18, 19 We, therefore, evaluated the number of DCLK1-positive tuft cells in all 4 conditions. As we have previously reported, in the normal stomach, relatively few DCLK1-positive tuft cells are visualized, usually in the isthmus zone. 19 In the control and ASFinfected INS-GAS mice, DCLK1-positive cells were dispersed throughout the upper mucosa (Fig. 5 ). However, in the H. pylori-infected groups, they were found in clusters, usually adjacent and luminal to CD44v9-positive SPEM regions at the bases of the mucosal glands (Fig. 5A ). We found a significant increase in the number of tuft cells in all conditions, with the H. pylori groups having twice as many DCLK1-positive cells as the other groups. Co-colonization with ASF did not further increase the number of tuft cells present (Fig. 6 ).
Discussion
We have reevaluated with detailed lineage markers the stomachs of male INS-GAS mice infected with either H. pylori alone, ASF alone, or H. pylori combined with ASF. We found that H. pylori infection elicited most of the changes in the stomach including increased proliferation, foveolar hyperplasia, proliferative SPEM, and increased tuft cell numbers. Moreover, ASF coinfection did not change the metaplastic phenotype in the basal area of the stomach as the CD44v9-positive areas in the base of the stomach did not contain higher levels of proliferative cells. However, ASF co-infection did increase the expression of MUC4 in areas of foveolar cells.
Previous discussion about the levels of dysplasia or advanced metaplasia in INS-GAS mice have usually focused on the severity of architectural abnormalities and cytological atypia along with identification of lamina propria invasiveness or penetrating glands derived from SPEM in the basal area of the stomach corpus mucosa. 13 The predominance of changes in foveolar cells demonstrated in the INS-GAS mice infected with H. pylori without or with ASF suggests that analysis of mucosal lesions with multiple lineage-based and proliferative markers is required for interpretation of mucosal lesions. INS-GAS mice without infection spontaneously develop SPEM and penetrating submucosal lesions but induction of metaplasia is markedly accelerated in the presence of Helicobacter infection. 13 Because all of these models must involve cycles of damage and regeneration, elements of the mucosal phenotype likely reflect regeneration with mucous cell lineages of various heritage. The presence of prominent foveolar hyperplasia likely is promoted by the persistent elevations in serum gastrin in the INS-GAS mice. 13, 20 Regions with prominent foveolar hyperplasia often demonstrated prominent intramucosal cysts. However, these cystic areas showed low levels of proliferation. Thus, the cystic lesions themselves do not appear to indicate more advanced pathology or dysplasia. Nevertheless, we have found that, especially in H. pylori and ASF dualinfected mice, cells were present in foveolar regions closer to the surface that expressed markers of foveolar hyperplasia along with high levels of proliferation and expression of MUC4. MUC4 has previously been observed in human intestinal metaplasia, 21 and is expressed in progressive SPEM in H. pylori-infected gerbils. 22 MUC4 is also implicated as a marker of vascular invasion and lymph node metastasis in human gastric cancer. 23 Thus, it is of interest that we observed expression of MUC4 in an intravascular lesion in a dual H. pylori/ASF-infected animal. Intravascular lesions have been noted previously in the INS-GAS mouse, 13 but because the intravascular lesion identified here showed limited proliferation, it is not possible at this time to determine its exact implication for metastasis. Nevertheless, all of these results suggest that dual H. pylori/ASF infection may be affecting the lineage phenotypes not only in the context of metaplasia, but also in foveolar hyperplastic lineages.
In previous studies of dual H. pylori/ASF-infected mice, the presence of the intramucosal cellular atypia on H&E stains was considered as evidence for dysplasia. 12 The evaluation of mucosa with determinations of metaplasia, advanced metaplasia, invasive metaplasia, or dysplasia should be aided by correlative evidence of lineage marker expression and an assessment of proliferative index. In this work, we have demonstrated that the phenotype of infected INS-GAS mice was dominated by hyperplasia of foveolar cells, based on UEAI staining. At present, no immunostaining markers exist to identify dysplastic lineages in the mouse stomach, so evaluation of dysplasia relies on identification of aberrant cellular morphology based on H&E staining. Because, unlike in human disease, a direct connection of dysplasia to distinct tumor masses or distant metastases is not possible in present H. pylori-infection models in mice, further studies are needed to identify definitive markers that could discriminate between dysplasia and hyperplastic reactive lineages in the mouse gastric mucosa.
The recognition of the processes of damage and regeneration is further underlined by the increases in tuft cells in the mucosa with oxyntic atrophy. 18, 19 The role of DCLK1-positive tuft cells is not well understood in the stomach, although recent investigations suggest that they may have a role in sensing changes in different conditions such as loss of parietal cells or altered luminal pH. 18, 19 The striking increase in the number of DCLK1-positive cells with H. pylori infection without or with ASF infection may also indicate a possible function of these cells in sensing bacterial infection and attendant parietal cell loss and mucous cell responses of foveolar hyperplasia and metaplasia. It remains to be determined if the presence of increased tuft cell numbers has implications for progression of metaplasia toward neoplasia.
In summary, a detailed reevaluation of mucosal pathology using immunostaining markers and lectins in INS-GAS mice has revealed that, while infection with H. pylori or dual infection with H. pylori and ASF induce expanded foveolar hyperplasia, they do not cause significant expansion of SPEM. Nevertheless, we did observe evidence, especially in the dualinfected animals, upregulation of MUC4 expression in foveolar hyperplastic cells, without expression of intestinal transcription factors such as Cdx1 or Cdx2. All of these studies indicate that categorization of mucosal lesions in the body of the stomach and its translational significance would be better served by augmenting routine H&E-based histological analysis with a broad range of lineage-based and proliferative markers. 
